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A simulator has been developed which models the digital baseband data paths of the
planetary radar receiver system as configured in the ranging mode. The simulator is useful
for quantifying the effects of digital quantization errors on radar receiver sensitivity and
for predicting receiver performance. In this article, a performance analysis of the radar
receiver is presented using system parameters that correspond to those for the upcoming
Mars observations. Thus, the results provide an assessment of anticipated data quality for

these observations.

|. Introduction

Development of the high speed data acquisition ranging
system for the Goldstone Solar System Radar (GSSR) has
been reported in a series of articles over the past several years
[1]-[4]. For range-Doppler mapping applications, the system
utilizes a binary phase-coded (BPC) transmitted waveform and
the received echoes are complex basebanded, sampled, and
demodulated with a replica of the transmitted BPC waveform.
The system is composed of high speed digital front end filters
[4] and complex demodulators [3]. The demodulator output
is transferred to the system computer (VAX 11/780 with FPS-
5000 array processor) for data reduction, e.g., generating
range-Doppler maps. A system block diagram is presented in
Fig. 1.

As shown, both in-phase and quadrature channels are sam-
pled (nominally at 40 MHz in the current system) and are
input to pre- and post-baud integrating filters. The pre-baud
filter integrates 5 input samples per output data sample, and
the post-baud filter integrates N, 4 input samples per output
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data sample (M,,q is a user-specified input parameter). The
function of these integrating filters is to decimate the data by
a factor of SN, , 4, thereby reducing the throughput rate into
the demodulators (correlators/accumulators).

The data paths out of the A/D converters are 8 bits wide
but are expanded to 16 bits after the pre-baud integrators. A
further expansion to 32 bits occurs after multiplication by the
scaling constant so that the post-baud integration is carried out
with 32-bit integer arithmetic.

Following post-baud integration, the 32-bit data are trun-
cated to the N,  most significant bits (M, is nominally 4
but is treated as an input parameter for our performance
analysis calculations). Finally, the truncated data are corre-
lated and accumulated to produce a stream of correlation data
which are output to the system computer.

Actually, the above block diagram corresponds to just one
of the complex data acquisition channels. Multiple complex



channels are frequently used, e.g., in interferometry mapping
of Venus. Thus, the performance analysis presented in this
article is limited to monostatic, single polarization measure-
ments which utilize only a single complex channel. Neverthe-
less, these results are indicative of trends in multi-channel
system performance as a function of the various input system
parameters.

Il. System Overview

The basic function of the system (prior to the computer) is
to correlate the received echoes with a replica of the trans-
mitted BPC waveform:

T
o(1) =f x(t)BPC(t +1)dt
0

where x(z) is the received complex data, BPC(t) denotes the
BPC waveform which is a periodic binary pseudo-noise (PN)
sequence generated by a linear shift register, and T is the
period of the BPC waveform:

= ATNc:ode

where N, 4. denotes the PN code period and AT denotes the
duration of a single code element (baud). The complex input,
x(t), is composed of the received (basebanded) signal plus
system noise.

x(2) = s(t)+n(1)

In our systems analysis, we model the received signal as a
Doppler-shifted and scaled version of the transmitted BPC
waveform:

s(t) = ABPC(t)e/%e/bw!
where the Doppler offset, Aw, is an input parameter.

In correlating the input data with the transmitted BPC
waveform, the digital system hardware computes a maximum
of 256 correlation lags (range bins): ¢(kAT/N,,), 0 < k <
255, where N, represents the number of computed lags per
code baud. (N, AT also represents the time interval between
data samples in the correlator; note that NV, can be controlled
by the appropriate choice of N, 4.) As discussed in [3],the
correlation lags are computed sequentially using a pipeline
architecture. After the maximum number of lags (<256)is
computed, a new set of correlation lags is computed, thereby
generating the two-dimensional array of data:

c(ik) = ,  0<k <255

I
&

i = lagsetindex=0,1,2,...

In computing the correlation data, lagged products are
summed over the entire length of the code. However, this sum
is broken down into partial sums of 256 terms corresponding
to the maximum register length of the correlators. For PN
codes which exceed the register length of the correlators, i.e.,
when N N . 4. > 256 (recall that the data samples in the
correlators are separated in time by AT/N,_ seconds, not AT

seconds), sequential lag sets are accumulated:

acc
AGK) = ) (N, i+],k)
Jj=1

where the number of accumulations, N> is chosen such that
256 N, approximately spans the period of the code, ie.,
256 Noo = Nyg N ge- In this case, the accumulated correla-
tion lag data, A(i,k), is input to the system computer. For

short PN codes such that N, N, < 256, N, is set to 1.

ode

The system computer calculates the range-Doppler map
data, RD(n,m), by Fourier transforming the lag set data in
conjunction with power combining, i.e.,

N

sa
RD(n,m) =Y 1Y (n,m)P?, 0< m<255
j=1
“Noins/2 S NS Nyjo o2

where N, is the number of spectra accumulated, N, is the
number of Doppler bins, and Y;(n,m) represents the Fourier
transformed correlation data:

Nbins/2
- . -2mjkn /Np;
Y(nm)= 3 A(k+iNg . m)e" "/Noins
k=-Nyins/2

The performance of the system can be conveniently ex-
pressed in terms of the output signal-to-noise ratio, SNR,,
which is defined by:

(R)g,y ~(R)y

\W(R - (R>N)2>N:’

SNR, =
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where (+), denotes the average background noise level and
(*)g4y denotes the average signal-plus-noise level. The ratio
PG = SNR,/SNR;, is the system processing gain where SNR;,
denotes the input signal-to-noise ratio (in the front-end low-
pass filter bandwidth). The theoretical system processing
gain, ignoring quantization and sampling effects, is the product
of the coherent and incoherent processing gains:

Y Nsa

where B is the bandwidth of the front-end low-pass filters.
The factor 2BTN,;, represents the coherent processing gain
and \/N_m is the incoherent gain realized by the power com-
bining [5]. In the next section, we present the results of com-
puter simulations of the digital acquisition system which can
be compared directly with the above theoretical results for

system processing gain.

PG = 2BTN,

bins

lil. Simulation Results

In evaluating system performance, we have developed a
computer simulation test bed which models the digital high-
speed data acquisition system depicted in Fig. 1. The simulator
program, written in FORTRAN 77, is portable and has been
run with minimal modifications on both the Communications
Systems Research Section (Section 331) Radar VAX 11/780
computer (without making use of the FPS 5000 array proces-
sor) and Cydrome’s new Cydra computer (currently on loan to
Section 331). The run times for the Cydra are all approxi-
mately 7 times faster than the 11/780 run times, and thus the
results presented in this section were obtained with the Cydra
computer.

The simulation input parameters, corresponding to the up-
coming S-band monostatic BPC Mars experiment, include
(1) the system (A/D) sample rate (set at 40 MHz); (2) the band-
width, B, of the front-end low-pass filters which are modeled
as 6th-order digital Butterworth filters (B is set at 6 MHz);
(3) the total number of Doppler bins, N; . (set at N, =
128); (4) the number of spectral power accumulations, N,
(set at either N, =1 or 50);(5) the number of accumulations,
N, used in computing the correlation lags (set at 1); (6) the
total number of correlation lags computed per set (255);
(7) the number of samples integrated in the post-baud filters
(Npaua = 24); (8) the number of bits, Ny, used in computing
the correlation lags (N, = 4 will be used in the Mars experi-
ment, but we have also used N, = 8 in our performance
analysis); (9) the PN code baud, AT (set at 6 usec); (10) the
signal Doppler offset frequency, Aw (set at Aw = 0 Hz); (11)
the PN code period. N 4, (set at N 4, = 127); (12) the
input RMS system noise level (which was set at 1/3 of the full
scale A/D voltage); (13) the DC bias offset of the A/D con-
verters (nominally set at O but varied in the simulation experi-
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ments to measure the impact on system performance); and
(14) the input signal-to-noise ratio, SNR;, (which was set at
either -30 dB or -55 dB to model the range of expected input
SNRs for the S-band BPC Mars observations). The above values
for the system clock rate, the PN code baud, and the number
of post-baud integration samples correspond to N, = 2 com-
puted correlation lags per code baud.

The output from each simulation experiment is a sample
range-Doppler map, RD(n,m), as defined above in Section 2,
consisting of 2560 data points (128 Doppler bins X 20 range
bins). Given this map, sample values for SVR, are computed
and compared against the theoretical limit:

SNR, = SNR, 2BTN,, ~/N_

The first set of simulation experiments consisted of high
input SNR tests (SNR;, = -30 dB), all corresponding to one
power accumulation (N, = 1). For these cases and using the
input parameters as specified above, the theoretical limit on
system output SNR is given by:

SNR, = SNR, 2BTN, =~ 30.7dB

The average sample output SNRs from the simulation
experiments corresponding to different noise realizations and
using both V,;,. = 4 and 8 are tabulated in Table 1. As is seen,
the current system (with Ny;,; = 4) is within 1.5 dB of theo-
retical performance. Increasing the correlator input data
paths to 8 bits improves system performance by approxi-
mately 1 dB.

The second set of tests was conducted to assess the impact
of a DC bias offset at the A/D converters on system perfor-
mance. All of these tests were again run at the high input SNR
level (SNR;,, = =30 dB) with N, = 1 and N, = 4 and 8. The
results of these experiments are presented in Figs. 2 and 3. As
is seen, at least in terms of output SNR, the system is remark-
ably robust to A/D bias offsets. For N, = 4 (Fig. 2), the
sample output SNR varies by only approximately 2 dB up to
DC bias offset levels of 0.1, above which system performance
degrades dramatically. This bias level (0.1) corresponds to 10
percent of the A/D full scale input level or, equivalently, to
approximately 13 quantization levels of the A/D converters.
For N, = 8 (Fig. 3), output SNR again drops dramatically at
a DC bias offset in excess of 0.1, but the variation in output
SNR below this offset level is less than that for N, = 4.

The final set of system tests consisted of low-input SNR
tests (SVR, , = ~55 dB) corresponding to both 1 power accumu-



lation and 50 power accumulations. For these cases, the
theoretical limits on system output SNR are given by:

SNRO = SNRin 2BTNhins ~ 5.7dB (Nsa =1)
and
SNRO = SNRin 2BTNbins V50 =~ 14.2 dB (NM = 50)

Slices of the range-Doppler output maps evaluated at the
maximum signal bin and spanning a total of £16 Doppler bins
are plotted in Fig. 4 for both N, = 1 and 50. As is seen, the
signal peak is clearly detectable for N, = 50. For N, =1, the
signal is visible but cannot be unambiguously detected (a num-
ber of noise peaks exceeded the signal peak over the entire
2560-point range-Doppler map computed for this case). The
computed output SNR for these cases were SNR, =~ 6.3 dB
(N, = 1) and SNR, ~ 12.6 dB (N, = 50). The former case is
anomalous due to the high level of system noise (relative to
the signal level). The latter case, corresponding to 50 power
averages, is within 1.6 dB of theoretical performance which

corresponds closely to the results presented in Table 1 for the
high SNR case.

IV. Conclusions

The simulation results presented here suggest that system
performance should be within approximately 1.5 dB of theo-
retical over the nominal range of system operating parameters
which will be utilized in the upcoming Mars BPC experiments.
Furthermore, the incorporation of 8-bit input data to the
correlators will only increase performance by approximately
1 dB. Finally, the system appears to be robust against A/D
bias offsets at Jeast for the short code bauds used in the Mars
BPC experiments. (The impact of DC bias offset will be more
severe as the code baud increases due to the increased post-
baud integration required.)

It should be noted that although these simulations do take
into account the finite digital precision effects inherent in this
system, other effects such as A/D nonlinearities will further
limit system performance over what has been predicted by this
performance analysis.
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Table 1. High input SNR test results

SNR,: simulation experiments, dB

Npits =4 Npijes=9

SNR ,: theoretical
limit, dB

29.3 30.4

30.7
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Fig. 1. System block diagram
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Fig. 2. System output SNR for N, = 4
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Fig. 3. System output SNR for N, 8
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Fig. 4. Output range-Doppler data for SNR, = —55 dB
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